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We report on a facile diffusion-based photopatterning technique for generating linear and
non-linear decreasing pore-size gradients in cross-linked polyacrylamide gels. Diffusion of low
viscosity polymer precursor solutions and a two-step photopatterning process were used to define
the decreasing pore-size gradient gels in a microfluidic format, thus eliminating the need for
controlled mixing and delivery of polymer precursor solutions. We present an analytical model of
the non-steady state diffusion process and numerically evaluate that model for direct comparison
with empirical characterizations of the gradient gels. We show that the analytical model provides
an effective means to predict the steepness and linearity of a desired gradient gel prior to
fabrication. To assess electrophoretic assay performance in the microfluidic gradient gels, on-chip
sizing of protein samples (20–116 kDa) was investigated. Baseline resolution of six proteins was
demonstrated in 4 s using 3.5% to 10% polyacrylamide gradient gels. The demonstrated ability to
conduct efficient protein sizing in ultra-short separation lengths (0.3 cm) means low applied
electric potentials are needed to achieve the electric field strengths required for protein
separations. The low required electric potentials relax operating constraints on electrical
components, as is especially important for translation of the assay into pre-clinical and clinical
settings. The gradient gel fabrication method reported is amenable to adaptation to non-sizing
protein assays, as well as integration with upstream sample preparation steps and subsequent
orthogonal downstream assays.

Introduction

For decades, continuous and discontinuous gradients in poly-
acrylamide gels have proven effective for high resolution protein
sizing.1–4 Especially important to the analysis of complex
biological fluids consisting of protein components that span a
wide molecular weight range,5 gradient polyacrylamide gels are
crucial to multi-dimensional separations that underpin advances
in proteomics.1 Over the last few decades, electrophoresis—both
native and sizing—has benefited from significant advantages
afforded through use of capillary and microfluidic formats.
In particular, microchannel formats have reduced required
analysis times, increased the potential for automation, and
simplified integration complexity.6 Protein sizing using matrices
with uniform sieving properties has been successfully adapted
for use in capillary7–10 and microdevice formats.11–14

Fabrication of gel pore-size gradients in microanalytical
systems has been achieved by mimicking approaches commonly
used to fabricate macroscale slab gels;15 that is, by controlling
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flow rate and filling duration of polymer precursor solutions
loaded using dual syringe pumps (i.e., gradient mixers).16,17 A
variation of the conventional gradient mixer approach used
in slab gels was reported by Chen and Chang,18 wherein elec-
troosmotic flow was used to load polymer precursor solutions
into microfluidic channels. Especially relevant to microsystems,
both Liang et al.16 and Chen and Chang18 noted stringent
fabrication demands on control of precursor flow rate and
filling time, as the total volume of capillary and microdevice
separation channels is quite small. Recent work described a
modification of the mixer-based approach in a “step filling”
and chemical polymerization method.19 In this work, the
authors ‘dipped’ the end of a capillary sequentially into fluid
reservoirs, layering various polymer precursor compositions into
the capillary column. A 5 h polymerization step followed and
a step-like pore-size gradient was created in the capillary. The
developers of the step filling approach noted that the fabrication
technique suffers from multiple labor-intensive steps, yielding
gel gradients with substantial capillary-to-capillary variation
in spatial properties. Well-controlled micromachining processes
(electrochemical etching) have also been reported as a means
to generate pore-size gradients in porous silicon, with the
gradient subsequently used to measure the size of bovine serum
albumin.20 Nevertheless, the reported fabrication technique is
time-consuming and requires specialized instrumentation.

Adoption of pore-size gradient methods in capillary sys-
tems and microdevices has been hampered by the exceptional
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sensitivity of the resultant quality of the pore-size gradients
on bulk fluid handling control, as well as by demands for
specialized instrumentation. Interestingly, an early report by
Ruchel21 described fabrication of linear pore-size gradients
using an elegant approach that relied on diffusion between
two polyacrylamide precursor solutions introduced serially via
suction into a capillary. After a reaction interval, chemical
polymerization yielded 15 mm long pore-size gradients. As
implemented by Ruchel and co-workers, well-understood dif-
fusion processes are an attractive means to establish gel pore-
size gradients in microscale systems.21–23 Minimized reliance on
bulk fluid handling for pore-size gradient generation potentially
surmounts the aforementioned fabrication difficulties.

Building on the work of Ruchel and colleagues,22 in combina-
tion with photolithographic fabrication techniques, we report on
a diffusion-based fabrication method that readily yields linear
and non-linear gradient gels in planar microfluidic devices.
Empirical characterization of the gradients is presented, as is
an analytical framing of the diffusion process that governs
the axial profile of the acrylamide concentration (prior to
photopolymerization) and the resulting polyacrylamide pore-
size gradient (post-photopolymerization). Both non-steady state
and steady state design rules are described to aid in the
development of gradient gels having a variety of axial pore-
size distributions for applications including protein sizing. To
illustrate the power of the described on-chip gradient gels, we
report on protein sizing of a mixture of proteins spanning a wide
molecular weight range (20.1–116 kDa) in ultra-short separation
lengths (0.3 cm)—an analysis demonstrated to require less than
4 s. Major advantages of the fabrication approach include ready
integration of customizable gels with on-chip sample filtering
and enrichment methods,24,25 as well as eventual inclusion of
optimized gradient gels in automated multi-dimensional assays.

Experimental

Chemicals

The water-soluble photoinitiator 2,2′-azobis[2-methyl-N-(2-hy-
droxyethyl)propionamide] (VA-086) was purchased from Wako
Chemicals (Richmond, VA). Solutions of 3-(trimethoxysilyl)-
propyl methacrylate (98%), 40% acrylamide (MW: 71.1), and
30% (37.5:1) acrylamide/bis-acrylamide were purchased from
Sigma. Premixed 10× Tris–glycine–SDS (sodium dodecyl sul-
fate) electrophoresis buffer (25 mM Tris, pH 8.3, 192 mM
glycine, 0.1% SDS) was purchased from BioRad (Hercules, CA).
Deionized water (18.2 MX) was obtained using an Ultrapure
water system from Millipore (Milford, MA).

Protein samples

Bovine serum albumin (BSA, MW 66k Da) was used as a protein
tracer of known molecular weight (Sigma Aldrich, St. Louis,
MO). Alexa Fluor 488 protein labeling kits were purchased
from Molecular Probes (Invitrogen, Carlsbad, CA). BSA was
fluorescently labeled with Alexa Fluor 488 per instructions pro-
vided in the product information accompanying the fluorescent
labeling kit. A high molecular weight ladder, consisting of six
fluorescently labeled species in solution (62 mM Tris, 1 mM
EDTA, 3% sucrose, 0.5% dithiothreitol, 2% SDS and 0.005%

bromophenol blue) was purchased from Sigma. The markers
included: trypsin inhibitor (soybean), MW 20.1 kDa; carbonic
anhydrase (bovine erythrocyte), 29 kDa; alcohol dehydrogenase
(horse liver), 39.8 kDa; albumin (bovine serum), 66 kDa; b-
galactosidases (E. coli), 116 kDa; and myosin (rabbit muscle),
205 kDa. In most sizing assays, myosin was found to yield a poor
signal-to-noise ratio. All fluorescently labeled species were stored
at 4 ◦C in the dark until use. Proteins were prepared for sizing per
instructions from the supplier. Protein samples were denatured
by mixing 2 : 1 with denaturing buffer (4% SDS and 3% b-
mercaptoethanol) and heating to 85 ◦C for 3 min. Note that the
absolute concentration of each protein in the stock solution was
unknown. Post-labeled protein concentrations analyzed through
fluorescence imaging were estimated to be in the low micromolar
range.

Chip fabrication and fluidic interface

Quartz microfluidic chips were designed in-house and fabricated
using standard wet etch processes by Caliper Life Sciences
(Hopkinton, MA). The chips used for protein sizing consisted
of offset double-T junctions having a separation channel that
measured 3.8 cm in length. The channels were ∼40 lm deep ×
∼100 lm wide. Fluidic interfacing to the chip employed a
Delrin R© fluidic manifold with fasteners clamping an aluminium
frame so as to sandwich the fluidic chip.26 O-rings were used to
fluidically seal the polymer manifold against the glass chip. Fluid
reservoirs were open to the ambient atmosphere and contained
100 lL of buffer or sample.

Channel surface

As in our previous work,27–29 microchannels were prepared
for polyacrylamide gel polymerization by functionalizing the
channel surfaces with an acrylate-terminated self-assembled
monolayer. The acrylate monolayer was formed using a 2 : 3 : 5
ratio mixture of 3-(trimethoxysilyl)propyl methacrylate, glacial
acetic acid, and deionized water. The mixture was agitated
vigorously (during water addition) and sonicated under vacuum
for 5 min. Unwetted channels were filled with the acrylate
mixture via capillary action. At the end of a 30 min static
incubation step, the surface preparation solution was vacuum
purged from all channels.

Gel precursor

Polyacrylamide gels of various acrylamide concentrations were
fabricated in the microdevices. The concentration of acrylamide
monomer and bis-acrylamide cross-linker determines the pore
size of the gel. The concentration of total monomer is denoted
by %T, while the proportion of cross-linker (as a percentage of
total monomer) is denoted by %C. Generally, the higher the
acrylamide concentration, the smaller the pore size of the final
gel. Several n%T (n = 3.5, 6, and 10; all gels had 2.5%C; thus,
hereafter references to “%T” will omit the “T”) polyacrylamide
gel matrices were fabricated by adjusting the total volume of
the 30% acrylamide/bis-acrylamide solution. The final volume
was adjusted with Tris-glycine–SDS run buffer containing 0.2%
(w/v) VA-086 photoinitiator to achieve a (30/n)-fold dilution
of acrylamide/bis-acrylamide. The gel precursor solutions were

1274 | Lab Chip, 2008, 8, 1273–1279 This journal is © The Royal Society of Chemistry 2008
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exhaustively degassed (3–5 min under vacuum while sonicated)
just prior to loading into the microchannels. (Note: Acrylamide
is a neurotoxin absorbed through the skin. Proper handling and
disposal procedures are required.) The gradient gel fabrication
process is described in the Results and discussion section.

Apparatus and imaging

Electrophoretic transport was used to mobilize species, as all
channels contained cross-linked polyacrylamide at the end of
the fabrication process (see Fig. 1). The sample (S), sample
waste (SW), buffer (B), and buffer waste (BW) reservoirs are
indicated in Fig. 1. Prior to sizing, the sample reservoir was
filled with the sample solution. A programmable high-voltage

Fig. 1 Acrylamide diffusion defines gel pore-size gradient for on-chip
protein sizing. Fabrication steps include: (A) all channels are filled
with high total acrylamide concentration gel precursor solution, (B)
masking and UV exposure define small pore-size gel plug at terminus
of separation channel, (C) flushing exchanges non-polymerized high
total acrylamide gel precursor with low total acrylamide concentration
gel precursor solution in loading channels and at junction-region, (D)
diffusion of precursor solutions occurs during a set diffusion period
(Dtm), (E) entire device is subjected to flood UV exposure, resulting
in photopolymerization of both low and high total acrylamide gel
precursor solutions and definition of the pore-size gradient. The process
results in cross-linked polyacrylamide throughout the device.

power supply provided voltage control and current monitoring
through platinum electrodes.26 Samples were loaded by applying
a +700 V potential at the SW reservoir and grounding the
S reservoir for ∼1 min (E = 700 V cm−1). During loading,
both the B and BW reservoirs were grounded to form a well-
defined ‘pinched’ injection plug. During the sizing separation,
a +1112 V potential was applied at the BW reservoir while
grounding the B reservoir (E = 298 V cm−1). Chips having
either a gradient or single percentage gel were used to analyze
multiple sample mixtures with little to no observable retained
fluorescence. To assure minimal cross-contamination between
samples, all channels were electrophoretically flushed with buffer
prior to storage.

A 1300 × 1030 Peltier-cooled interline CCD camera (Cool-
Snap HQ, Roper Scientific, Trenton NJ) was employed to moni-
tor protein migration into and along the channels. Pixel binning
(2 × 2) and region of interest selection were employed, thus
allowing an image-sampling rate of greater than 10 Hz. A 0.31×
de-magnifier (Diagnostic Instruments Inc., Sterling Heights,
MI) was used to increase the field of view projected onto the
CCD. Images were collected using an inverted epi-fluorescence
microscope (IX-70, Olympus, Melville, NY) equipped with 4×
objective (numerical aperture of 0.16). An x–y translation stage
(Olympus, Melville, NY) was used to position the chip and
fixturing relative to the imaging optics.

Data analysis

Image analysis was completed using ImageJ (http://rsb.info.nih.
gov/ij/).30 All images were background subtracted to correct
for background signal. Numerical evaluations were carried
out using Mathcad 2001i (Parametric Technology Corporation,
Needham, MA).

Results and discussion

Fabrication of gradient gels for protein sizing

Gradient gels having varied characteristics (e.g., steepness, gel
pore-size boundary conditions, and shape) were designed using
a diffusion-based method combined with photopolymerization
processes. Sizing gels were fabricated so as to transition from
large to small pore-size along the separation channel (i.e.,
decreasing pore-size gels). Fig. 2 schematically depicts gradient
gel characteristics as a function of location, L, along the
separation channel. Three canonical gradient gels are illustrated
in Fig. 2 and characterized in this work: (i) a uniform pore-
size gel (a “single percentage” gel of acrylamide concentration
C1), (ii) a non-linear pore-size gradient varying from large
pore-size (acrylamide concentration C1) to small pore-size gel
(acrylamide concentration C2), and (iii) a linear gradient gel
between acrylamide concentrations C1 and C2. Single percentage
polyacrylamide gels were fabricated by loading the gel precursor
solution into all microchannels, followed by a 15 min flood UV
photopolymerization as described previously by our group.27

Devices were designed such that the final gradient gels
consisted of a large pore-size loading gel, a pore-size gradient
region along the separation axis, and a final small pore-size
gel at the separation channel terminus (Fig. 1). First, to define
and localize the smaller pore-size gel at the terminating end

This journal is © The Royal Society of Chemistry 2008 Lab Chip, 2008, 8, 1273–1279 | 1275
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Fig. 2 Canonical acrylamide concentration profiles relevant to on-
chip protein sizing. Gel concentration profiles along the separation
axis of a microchannel can be described as: uniform acrylamide
concentration C1 (single percentage gels), non-linear increasing (or
decreasing) acrylamide concentration variation from C1 to C2, and linear
acrylamide concentration variation from C1 to C2.

of the separation channel (Fig. 1A), all channels were loaded
with the high percentage acrylamide gel precursor solution via
capillary action. The high percentage acrylamide gel precursor
solution consisted of degassed 10% (37.5 : 1) acrylamide/bis-
acrylamide containing 0.2% (w/v) VA-086 in 1× Tris–glycine–
SDS buffer. A gel plug was fabricated at the outlet of the
separation channel via photomasking and a 10 min flood UV
exposure using a fan-cooled 100 W lamp (Fig. 1A). Fabrication
of the plug resulted in: (i) a separation channel filled with
the high percentage acrylamide gel precursor solution and (ii)
no bulk flow in the horizontal separation channel. Next, to
define the larger pore-size gel establishing the separation channel
inlet boundary condition the low percentage acrylamide gel
precursor solution was pressure-filled via a syringe into the
loading channels (Fig. 1B). The loading gel precursor solution
consisted of degassed 3.5% (37.5 : 1) acrylamide/bis-acrylamide
containing 0.2% (w/v) VA-086 in 1× Tris–glycine–SDS buffer.

A defined “diffusion interval” (denoted by Dtm, where m
represents the duration of the diffusion interval in minutes)
was implemented to establish the axial gradient in acrylamide
concentration (Fig. 1C). During this time period, both the
low and high percentage acrylamide gel precursor solutions
were near-quiescent. As mentioned, bulk flow was eliminated
in the plug-capped separation channel. Finally, at the end of
the diffusion period, photopolymerization of both gel precursor
solutions was conducted via a 15 min photopolymerization of
the unmasked chip using a 100 W 355 nm lamp (Fig. 1D).
Diffusion intervals spanning from 0 min (Dt0) to 120 min
(Dt120) were employed. As will be described, the range of
diffusion intervals explored in this work yielded gradient gels
with separation lengths of less than 1 cm. After fabrication and
when not in use, chips were stored wetted and submerged in
buffer at 4 ◦C. The yield of fabricated gels was ∼90%. Once
successfully fabricated, chip usage lifetimes typically exceeded
20+ hours of usage per week over several weeks.

Uniform gels for electrophoretic mobility calibration

As a means to calibrate the pore-size distribution in gradient
gels, the apparent mobility of a fluorescent scalar (BSA)
was measured in single percentage gels having a uniform,

known composition. Three single percentage polyacrylamide
gels (3.5%, 6%, 10%; all with 2.5%C) were used to calibrate
the dependence of the apparent mobility of the scalar on gel
composition. Calibration of the tracer mobility yielded the
following linear dependence of mobility on gel composition: log
(mobility, cm2 V−1 s−1) = −0.114 (%n) – 3.16 (R2 = 0.998), where
%n indicates the acrylamide composition of the calibration
gel (e.g., 3.5%, 6%, and 10%). The measured relationship
between protein mobility and total acrylamide concentration
is as expected from theory.31

Characterization of gradient gels having non-uniform
sieving properties

Protein sizing gels with gradients ranging from 3.5% (C1, at the
injection junction of the separation channel) to 10% (C2, at the
end of the separation channel) were fabricated. To characterize
the spatial sieving qualities of the on-chip gradient gels, location-
dependent apparent mobility of the tracer peak was extracted
from CCD observations of the location-dependent velocity of
the tracer peak and known electric field. Fig. 3 shows the
observed mobility of the tracer peak as a function of axial
location (distance from the injection junction) for three 3.5%
to 10% gradient sizing gels–each fabricated with a different
diffusion interval, in this case: 0 min (Dt0), 30 min (Dt30), and
120 min (Dt120).

Fig. 3 Full-field imaging allows extraction of protein tracer mobility
as a function of axial location for various on-chip sizing gels. Diffusion
intervals examined include: (i) Dt0: minimal time was allowed between
flushing of 3.5% gel precursor solution and flood UV photopolymeriza-
tion of gradient gel, (ii) Dt30: a diffusion period of 30 minutes, and (iii)
Dt120: a diffusion period of 120 minutes. E = 298 V cm−1.

As can be observed from Fig. 3, the tracer exhibits the same
mobility during the initial injection (3.5% gel portion) in all
three sizing gels. This initial 3.5% portion of the gel essentially
acts as a ‘loading gel’—a large pore size gel that minimizes
molecular weight-related sample injection bias during loading.
As the tracer electrophoreses away from the injection junction
and into the separation gel along the separation channel, the
apparent mobility is noticeably reduced owing to a decrease
in the pore-size of the gel. Fig. 3 also illustrates the effect of
the diffusion interval on the migration behavior of the tracer—
the gradient gels defined by the Dt0 and Dt30 diffusion intervals
yield a markedly steeper reduction of the tracer mobility than
the gel fabricated with the longer (Dt120) diffusion interval, as
anticipated.

1276 | Lab Chip, 2008, 8, 1273–1279 This journal is © The Royal Society of Chemistry 2008
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Through calibration of the electrophoretic mobility of the
tracer (Fig. 3) and the known gel composition, the axial pore-
size gradient for each ‘diffusion interval’ was determined and
is shown in Fig. 4. The Dt0 gel exhibits an axial pore-size
distribution that can be interpreted as a separation system
comprised of a ‘loading gel’ (3.5% at injector) and a ‘separation
gel’ (10% along the majority of the separation channel). In
the case of the longer duration diffusion intervals (represented
here by Dt120), we observe a near-linear decrease in the effective
pore-size of the gel. As has been described elsewhere, the high
separation performance afforded by gradient gels is attributable
to the polyacrylamide gel acting as a spatially-varying molecular
sieve.32 In a continuous gradient gel, such as commonly used
in slab gels, proteins are electrophoretically-driven through
progressively smaller pores. As a protein band migrates through
the gradient gel, the molecular sieve differentially retards
proteins according to size. Customization of the gradient gel
shape (axially, along the separation channel) and composition
yields readily tunable separation performance. While protein
sizing assays benefit from decreasing pore-size gels, native
electrophoretic assays may also benefit. Based on our previous
work with homogeneous electrophoretic immunoassays in single
percentage polyacrylamide gels (i.e., uniform pore-size along
separation axis),28,29 we posit that use of a decreasing pore-size
gel may aid in optimizing the separation of native immunecom-
plex from an associated probe (either antibody or antigen). Such
optimization could even further reduce separation times for
polyacrylamide gel-based electrophoretic immunoassays.

Fig. 4 Empirical characterization and numerical modeling of pore-size
gradient linearity, as determined by the diffusion interval used during
fabrication. Based on a calibrated relationship between the apparent
electrophoretic mobility of the tracer (shown in Fig. 3) and the known gel
precursor composition, the effective gel concentration can be estimated
along the separation axis of the microchannel. Numerical evaluations of
the non-steady state diffusion process used to define the gels are plotted
as solid lines for each of the three gel types shown.

Comparing two chips fabricated on different days by different
operators allowed an estimate of the chip-to-chip fabrication
reproducibility. Here, we utilized measurements of BSA mobility
as a function of distance along the separation axis. For gradient
gels with no diffusion interval (Dt0), less than 10% variation
in measured average mobility values was measured at axial
locations greater than 480 lm from the injection junction
(480 lm < x < 3600 lm). Near the injection junction (0 lm <

x < 480 lm), a 16% variation in measured average mobility

was observed. For gradient gels fabricated with long diffusion
intervals (e.g., Dt120), we observed 10–15% variation in measured
mobility values at locations between the injection junction and
480 lm (i.e., 0 lm < x < 480 lm). At axial locations greater
than 480 lm from the injection junction (480 lm < x <

3600 lm), we observed less than 10% variation in measured
average mobility values. For a single chip, run-to-run variation
in measured average mobility values was less than 10% (n =
7 runs) for each measured location along the separation axis.
As compared to fabrication methods that rely on external
control of mixing of two gel precursor solutions,16 the diffusion-
defined method reported here provides a robust, straight-
forward means to reproducibly generate pore-size gradients.
Further, the reported method requires minimal sample handling
control (i.e., volumetric flow rate or mixing control needed when
using a conventional or microfluidic gradient mixer).

Design of gradient gel

To characterize and predict the impact of the diffusion interval
on the shape of the pore-size gradient, the solution to non-
steady state diffusion in one-dimension (without advection)
was evaluated numerically for the boundary conditions, initial
condition, and axial range of interest: c(0, t) = C1 and c(L,
t) = C2 for all t ≥ 0; c(x, 0) = f (x) for 0 ≤ x ≤ L. Where
c(x,t) describes the effective total acrylamide concentration
of the gel, C1 and C2 are constants describing the boundary
acrylamide concentrations, f (x) is an empirically-determined
function describing the initial condition, x is the axial location
along the separation channel, and t is time.

Based on the empirically-determined gradient gel properties,
the boundary condition C1 was estimated to be 2.6%, less than
the desired 3.5% loading gel concentration. The observed C1

boundary condition at the injection junction is attributed to
fabrication variation and measurement error in the mobility
near the injection junction. For numerical evaluation, the gel
concentration C2 was set at 10% for L much larger than the
imaged area of the separation channel (L >> 0.3 cm). A least-
square fit of an error function to the gradient gel formed with
no diffusion interval (Dto) was used to generate the function,
f (x), defining the initial condition. The initial condition can be

described as: with c0 = 6.3; c1 = 0.03;

and c2 = 2.6. Dirichlet (or first type) boundary conditions were
imposed on the geometry, such that gel composition was fixed
as C1 = 2.6% and C2 = 10%, to match the empirical data. The
non-steady state solution for the final effective gel concentration
can be obtained using separation of variables33 and expressed
as:

(1)

Where D is the diffusion coefficient of aqueous acrylamide
monomer (estimated at D = 4 × 10−6 cm2 s−1) and was
employed as a fitting parameter. Eqn (1) describes the time and

This journal is © The Royal Society of Chemistry 2008 Lab Chip, 2008, 8, 1273–1279 | 1277
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location dependent acrylamide monomer concentration prior
to photopolymerization. Numerical evaluations of Eqn (1) for
each of the three diffusion intervals considered (Dt0, Dt30, Dt120)
are plotted with the empirical results in Fig. 4. Appreciable
agreement between the shape and steepness of the empirically
characterized gradient gel and the predicted gradient gel for
diffusion intervals of Dt30 and Dt120 is observed. In the limit of
steady-state, the relationship t∼(L)2/2D can be used to estimate
the time required to establish an acrylamide concentration
gradient over a given separation length, L. For the gradient
gels described in this work, the separation length employed was
an ultra-short 0.3 cm. The steady-state limit indicates that a
diffusion interval of 11 280 s (just over 3 h) is necessary to
establish a linear gradient along L for the chip design used in
this work.

Protein sizing of wide molecular weight range proteins using
gradient gels

To assess the performance of the various gradient sizing gels,
sizing of a sample of known proteins was performed. Five
proteins, ranging in molecular weight from 20 kDa to 116 kDa
were analyzed in 3.5% to 10% gradient gels. The model protein
mixture was sized using both non-linear (Dt0) and linear (Dt120)
gradient gels (Fig. 5). As noted, the decreasing pore-size gel
starts (near the injection junction) with a large pore-size gel of
3.5% and decreases to a much smaller pore-size expected from a
10% gel. The fluorescence microscopy image montage presented
in Fig. 5 show the non-linear decrease in electrophoretic mobility
during sizing in a non-linear gel (Dt0). In contrast, proteins
migrate with a linear decrease in mobility in the linear pore-size
gradient (Dt120). Performance of the sizing assays was assessed
using separation resolution (SR) for the largest two proteins

in the molecular weight ladder (i.e., alcohol dehydrogenase
and bovine serum albumin). By four seconds into the sizing
separation, the SR value of the linear gel (Dt120) is nearly 50%
better than the SR of the non-linear gel (Dt0). As the separation
progresses, the SR for both the linear and the non-linear gradient
gels steadily increase. The SR for the linear gradient is nearly
50% higher than that observed for the non-linear gradient over
the duration of the separation.

In a decreasing pore-size gradient the advancing edge of the
migrating protein band is retarded preferentially, as compared
to the trailing edge of the band. The well-known compression
phenomenon results in substantial sharpening of protein bands
and appreciable separation resolution.1 As a means to illustrate
the performance advantages of gradient gel sizing on separation
performance, band variance (r2), as a function of migration
distance (x), was compared for the protein tracer (BSA*) in a
6% single percentage gel and in the linear (Dt120) 3.5% to 10%
gel. The gradient gel provided plate heights (H = r2/x) that were
substantially lower than the single percentage gel, for all times
measured. After 6 s of electrophoresis, the plate height from the
gradient gel was 1.40 lm, while the 6% gel yielded a 3.62 lm
plate height, a 3.6-fold difference. For this case, we observe an
appreciable separation performance improvement available from
sizing using a linear gradient gel.

Given a reasonable long-time diffusion interval, we can
employ the steady-state relationship described previously
(t∼(L)2/2D) to estimate the axial length of a practically-
achievable linear gradient. For the purposes of this illustration,
we choose a practical diffusion interval of 15 h (overnight).
The overnight diffusion interval would yield a linear polyacry-
lamide pore-size gradient over a 0.66 cm separation length. As
demonstrated in this work, a 3.5% to 10% total acrylamide
gradient gel spanning a 0.3 cm separation length is sufficient to

Fig. 5 Rapid sizing of proteins in ultra-short non-linear (Dt0) and linear (Dt120) decreasing pore-size gradient gels. (A) Note the non-linear decrease
in protein mobilities in the Dt0 gel visible in the inverted grayscale CCD images. (B) The non-linear behavior is not observed in the linear gradient
gel. For visual reference, b-galactosidase (*) and trypsin inhibitor (**) are marked with asterisks at the bottom of each panel. Axial length of imaged
channel is 4400 lm, channel width is 100 lm. E = 298 V cm−1.
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resolve species over a 20.1 to 116 kDa range. Given an overnight
diffusion interval, we could expect to extend the molecular
weight range of resolvable species even further by providing
nearly double the separation length.

A systems design implication of the results shown in Fig. 5
regards the ability to conduct efficient protein sizing in ultra-
short separation lengths with applied electric field strengths of
298 V cm−1. In the chip geometry reported here, only a fraction of
the total channel length (< 10%) was used for gradient gel-based
sizing. Consequently, future chip designs will be implemented
with significantly shorter total channel lengths of ∼0.3 cm to
∼1 cm. Accordingly, the electric potential required to provide
298 V cm−1 for sizing in the ultra-short separation channels will
also be reduced. While the present geometry requires ∼1 kV to
achieve 298 V cm−1, a design utilizing ultra-short total channel
lengths would require applied electric potentials of 89 V to
298 V for 0.3 cm to 1 cm long separation channels, respectively.
Sizing in ultra-short total channel lengths with low applied
potential operating conditions are presently under investigation.
The low electric potential required to drive electrophoresis in
the ultra-short channels would substantially impact the design
requirements for point-of-care instruments; namely, obviating
the need for expensive high voltage power supplies and switching
components.

Summary and conclusions

The diffusion-based method described here for generating
spatial gradients in effective total acrylamide concentration
and, hence, gel pore-size in microfluidic format has been
characterized empirically. Building on an analytical model
for non-steady state diffusion of acrylamide monomer in an
aqueous solution, we have developed design guidelines for
fabricating gels with known pore-size gradient profiles along
the separation channel. The resulting linear and non-linear
gradient gels allow assay optimization for protein samples of
interest—being especially relevant to complex samples. Beyond
ease of fabrication, the reported gradient gel fabrication method
offers several advantages for microfluidic electrophoresis. First,
the potential for optimizing on-chip gel characteristics for
specific multi-component samples is attractive, particularly for
development of systems for quantitation of proteins in heteroge-
neous biological samples. Second, the capability to size samples
composed of a wide range of molecular weight proteins in ultra-
short separation lengths is notably advantageous for designs of
multiplexed analyses performed in compact devices. Further, the
ability to implement electrophoretic analyses with appreciable
applied electric field strengths, yet with low electric potentials
requirement, is without a doubt desirable for high throughput
bioanalytical instrumentations designed for portable use (e.g.
point-of-care diagnostics). To our knowledge, no such accessible
method for creating on-chip cross-linked gel pore-size gradients
has been reported. Our group is currently developing the re-
ported gradient gels for inclusion in streamlined, multi-stage bio-
analytical systems that integrate sample preparation with multi-
dimensional on-chip analyses such as non-equilibrium (pro-
tein sizing, native) and equilibrium-based (isoelectric focusing)
electrophoresis.
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